The role of the alternative s 54 factor, encoded by the rpoN gene, was investigated in Listeria monocytogenes by comparing the global gene expression of the wild-type EGDe strain and an rpoN mutant. Gene expression, using whole-genome macroarrays, and protein content, using two-dimensional gel electrophoresis, were analysed. Seventy-seven genes and nine proteins, whose expression was modulated in the rpoN mutant as compared to the wild-type strain, were identified. Most of the modifications were related to carbohydrate metabolism and in particular to pyruvate metabolism. However, under the conditions studied, only the mptACD operon was shown to be directly controlled by s
INTRODUCTION
The sigma 54 (s 54 ) factor, encoded by rpoN, is an alternative subunit of bacterial RNA polymerase. It was first identified in Escherichia coli and in other Gram-negative bacteria as a s factor required for transcription of nitrogenregulated genes. Today, a wide variety of s 54 -dependent genes of Gram-negative and Gram-positive bacteria are known to be involved in various cellular functions: nitrogen and carbon utilization, as well as in flagellar synthesis and virulence (Studholme & Buck, 2000) . The s 54 factor enables the RNA polymerase to initiate transcription from a class of 224/212 promoters that differ considerably from the vegetative 235/210 promoters (s 70 -dependent). The consensus of the s 54 -dependent promoters is TGGCAC-N5-TTGCa/t in which the GG and GC pairs are highly conserved (Morett & Buck, 1989) . In bacterial species where the promoter sequence has been characterized it is more conserved than that of s 70 . In contrast to s
70
, the s 54 -dependent RNA polymerase needs an activator to form the open promoter complex to initiate transcription. Those s 54 -dependent activators (also reported as enhancerbinding proteins; EBPs) bind specifically at an upstream activating sequence (UAS) generally localized between 100 and 200 bp upstream of the promoter (Shingler, 1996) .
Among Gram-positive bacteria, s 54 -dependent genes have been thoroughly studied only in Bacillus subtilis, where the levanase operon was the first described as strictly dependent on the presence of both s 54 and the LevR activator (Martin et al., 1989) . This operon encodes a fructose phosphotransferase system (PTS) permease and the levanase enzyme. LevR has a unique structure among the s 54 -dependent activators (Débarbouillé et al., 1991) . In particular, it contains two PTS regulation domains (PRD) and an EIIA domain that can be phosphorylated by the PTS components to control LevR activity Stulke et al., 1995) . Four other s 54 -dependent activators were described in B. subtilis: RocR (Calogero et al., 1994) , AcoR (Ali et al., 2001; Huang et al., 1999) , BkdR (Débarbouillé et al., 1999) and YplP (Beckering et al., 2002) .
The s 54 -dependent operons described in B. subtilis are involved in carbon metabolism, lev for levan utilization (Martin et al., 1989) and aco for acetoin utilization (Ali et al., 2001) , as well as in amino acid metabolism, roc for catabolism of arginine (Calogero et al., 1994; Gardan et al., 1995) and bkd for catabolism of isoleucine and valine (Débarbouillé et al., 1999) .
Listeria monocytogenes is a food-borne, facultative pathogen. s 54 of L. monocytogenes has been described by our group to be involved in sensitivity to antibacterial peptides, the subclass IIa bacteriocins (Robichon et al., 1997) . Only one s 54 -dependent operon, mptACD, has been identified so far in L. monocytogenes. Its expression is controlled by the ManR activator, which belongs to the LevR family (Dalet et al., 2001) . The mptACD operon encodes the A, B, C and D subunits of a PTS permease of the mannose family, EII Man t . The lack of mptACD expression, in an mpt or an rpoN mutant, leads to resistance of L. monocytogenes to subclass IIa bacteriocins. The EII Man t permease was thus proposed to be the receptor for these antibacterial peptides (Dalet et al., 2001; Duché et al., 2002; Gravesen et al., 2002) .
Until now, a global analysis of an rpoN mutant has not been reported for any bacteria. We took advantage of the availability of the complete genome sequence of L. monocytogenes EGDe (Glaser et al., 2001) to study gene expression at the RNA level using DNA macroarrays, at the protein level by two-dimensional (2D) gel electrophoresis and to perform an in silico analysis of the s 54 regulon. The results show that although the lack of s 54 expression has a pleiotropic effect, the major consequences are on carbohydrate metabolism of L. monocytogenes.
METHODS
Bacterial strains and growth conditions. Wild-type L. monocytogenes EGDe and the derivative rpoN mutant, EGK50 (Dalet et al., 2001) , were grown to late exponential phase (OD 600 0?8-1) in BHI medium (Difco) at 42 uC. This temperature was chosen to stabilize the plasmid integration in the rpoN mutant. Erythromycin (5 mg ml
21
) was added for growth of the mutant strain.
Total protein extraction. Bacterial cells from a 20 ml culture were harvested by centrifugation, washed twice in 2 ml buffer A (20 mM Tris/HCl, 5 mM EDTA, 5 mM MgCl 2 ) and adjusted to pH 7?5. Pellets were resuspended in 1 ml buffer A, adjusted to pH 9, and sonicated three times for 2 min each (Vibra cell) at 50 % of the active cycle, power level 5, with chilling of the tubes on ice between each cycle. Cell lysates were treated with 500 ml buffer B (20 mM Tris, 5 mM EDTA, 5 mM MgCl 2 , 4 % CHAPS, 7 M urea, 4 M thiourea, pH 9) and 10 ml 0?2 M tributylphosphine (TBP), and then with 10 ml 1 % RNase A and 1 % DNase; the mix was incubated for 1 h at 4 uC. Suspensions were centrifuged (13 000 g, 20 min, 4 uC) to pellet the cell debris and the protein concentration in the supernatant was determined using the Bradford protein assay (Bio-Rad) with bovine serum albumin as standard. Proteins were precipitated from the supernatant with 3 vols cold acetone for at least 2 h at 220 uC and then pelleted by centrifugation (13 000 g, 40 min, 4 uC). Pellets were resuspended in isoelectric focusing buffer [7 M urea, 2 M thiourea, 4 % (w/v) CHAPS with traces of bromophenol blue] at a final concentration of 5 mg protein ml 21 and stored at 220 uC.
2D gel electrophoresis. 2D electrophoresis of bacterial soluble proteins was performed according to a modified O'Farrell (1975) method. The first dimension consisted of isoelectric focusing (IEF) with precast Immobiline pH Gradient (IPG) Drystrips, pH 3-6 or pH 3-10 (Bio-Rad). Samples containing 50 mg total protein were mixed with buffer C (7 M urea, 2 M thiourea, 4 % CHAPS, 2 mM TBP, 1?5 % ampholytes, pH 3-6) and used to rehydrate the Drystrips for 16 h. IEF was performed with the Multiphor II electrophoresis unit (Amersham Biosciences) for a total of 60?0 kVh according to the manufacturer's instructions. The strips were equilibrated for 15 min in buffer 1 (50 mM Tris/HCl, 6 M urea, 2 % SDS, 30 % glycerol, 5 mM TBP, pH 8?8) and 20 min in buffer 2 (modified buffer 1, 2?5 % iodoacetamide instead of TBP, and traces of bromophenol blue). The second dimension was carried out with 12?5 % acrylamide in a Multicell Protean II XL system (Bio-Rad). A constant current of 10 mA per gel was applied over 1 h for migration in the stacking gel; then 15 mA per gel were applied over 15 h for protein separation. Gels were silver-stained according to the method described by Rabilloud (1992) .
Analysis of protein patterns. For each strain, six gels from two independent bacterial cultures (three gels per extraction) were performed. 2D gels were scanned by a GS-700 imaging densitometer (Bio-Rad) and the protein patterns of the two strains were compared using Melanie 3 software (Genebio). Only spots present in at least five gels were taken into account. For protein identification, spots of interest were excised from the gel and submitted to tryptic digestion as described by Shevchenko et al. (1996) . The resulting peptides were analysed by matrix-assisted laser desorption ionizationtime of flight (MALDI-TOF) MS on a Voyager DE STR (PerSeptive Biosystems) equipped with a nitrogen laser (337 nm). The instrument was operated in the delayed extraction mode and the delay time was 150 ns. Each mass spectrum was a mean of 250 laser shots. External calibration was performed. For searching the L. monocytogenes EGDe genome (http://genolist.pasteur.fr/ListiList/), monoisotopic masses were assigned using a local copy of the MS-Fit 3.2 part of the Protein Prospector package (University of California, Mass Spectrometry Facility, San Francisco). The parameters were set as follows: no restriction on the isoelectric point of proteins, the maximum mass error allowed was 50 p.p.m. and one incomplete cleavage per peptide was considered.
Synthesis and labelling of cDNA. Bacterial cells, grown in a 10 ml culture, were harvested by centrifugation at 12 000 g for 5 min. Pellets were resuspended in 400 ml lysis buffer (5 mM Tris/ EDTA, 5 mg lysozyme ml 21 , 100 g glucose l 21 , pH 8?0) and incubated for 1 h at 37 uC. Total RNA extraction was carried out by the addition of 1 ml RNAwiz solution (Ambion) and incubation for 5 min at 25 uC. Then 200 ml chloroform was added to the sample which was subsequently incubated for 10 min at 25 uC. RNA extracts were clarified by centrifugation at 12 000 g for 15 min at 4 uC and supernatants were transferred to new tubes. Total RNA was precipitated by adding 1 ml 220 uC-chilled 2-propanol and leaving for at least 1 h at 220 uC before centrifugation at 12 000 g for 30 min at 4 uC. Supernatants were carefully removed and pellets were washed with 75 % ethanol. RNA pellets were dried and dissolved in 70 ml diethylpyrocarbonate (DEPC)-treated water. To eliminate contamination by DNA, 4 units RNase-free DNase (Invitrogen) was added. The RNA concentration was determined using a spectrophotometer at 260 nm. RNA quality was checked on a formaldehyde agarose gel containing ethidium bromide. cDNA synthesis and labelling for macroarray hybridization was performed as follows. Total RNA (1 mg) was mixed with 3 ml 56 reverse transcriptase buffer, 1 ml each dNTP (10 mM), 2 ml L. monocytogenes ORF-specific primers (33 nM each primer) and DEPC-treated water to a final volume of 25 ml. The mixture was incubated for 2 min at 90 uC, cooled to 42 uC before addition of 3 ml [a-
33 P]dCTP (20 mCi) and 2 ml AMV-RT (50 U) (Roche). The mixture was incubated for 2 h at 42 uC. Salts and unincorporated nucleotides were removed using a QIAquick column (Qiagen) according to the manufacturer's instructions. Labelled cDNA was denatured by heating at 99 uC for 5 min before hybridization.
Transcriptome and data analysis. Macroarrays were prehybridized for 2 h at 65 uC with 10 ml hybridization buffer (56 SSPE, 2 % SDS, 1 % Denhardt's reagent, 100 mg sonicated salmon sperm DNA ml 21 ) in roller bottles. Hybridizations were performed overnight at 65 uC with 5 ml fresh hybridization solution containing the labelled cDNA probe. Macroarrays were then washed twice at room temperature for 3 min and twice at 65 uC for 20 min with washing solution (0?56 SSPE, 0?2 % SDS). Macroarrays were exposed to a phosphoimager screen and scanned with a Typhoon (Pharmacia-Amersham). Membranes were stripped for 30 min at room temperature with 0?5 M NaOH and then stored at 220 uC. For both the wild-type and the rpoN mutant strains, two hybridizations for each of two independent RNA extractions were performed. Consequently, a set of four macroarrays was used. The signal intensity of each spot was quantified using ArrayVision analysis software (Imaging Research). For each spot, the hybridization intensity value was normalized by dividing by the mean of all significant intensity values on each filter. The global background for each macroarray was defined as the mean signal intensity from the gathered negative templates; the mean background was subtracted from each normalized value. SAM software (Significance Analysis of Microarrays) (Tusher et al., 2001 ) was used to identify genes with significantly different expression between the wild-type strain and the rpoN mutant.
RESULTS

Transcriptome analysis
DNA macroarrays containing 99 % (2816 ORFs) of the 2853 predicted ORFs of the L. monocytogenes EGDe genome (Milohanic et al., 2003) were used to study the transcriptional profiles of the wild-type EGDe strain and an rpoN mutant. For a first statistical analysis of the macroarray results using the SAM program (Tusher et al., 2001) , we chose a minimum fold change of two as a selection criterion. This analysis identified 240 genes (23 false significant) whose expression was significantly different. The expression of all these genes should actually be considered as potentially regulated in the rpoN mutant. However, to concentrate on the more significantly affected genes, we decided to select only genes with the highest differences in expression by choosing a minimum fold change of three as a selection criterion. Seventy-eight genes (1 false significant) fulfilled this criterion when using the SAM program. Twenty of the 77 genes were repressed, whereas 57 were induced in the rpoN mutant compared to the wild-type strain. These genes belonged mainly to three different functional categories: carbohydrate metabolism-related genes (16 genes, Table 1 ), amino acid metabolism-related genes (10 genes, Table 2 ) and genes encoding other functions (51 genes, Table 3 ).
Global analysis of protein content
In parallel to the transcriptome analysis, we compared the protein content of the wild-type L. monocytogenes EGDe strain and the rpoN mutant. Total extracts of proteins were subjected to 2D gel electrophoresis (first dimension IEF 3-6 or 3-10 and second dimension 12?5 % SDS-PAGE). As no difference in protein content between the two strains was observed above pH 6, we decided to focus on the pH 3-6 range. The comparison of the proteomic profiles of the wild-type strain and the rpoN mutant, and the analysis by MS of spots with significantly different intensities, led to the identification of nine proteins whose expression was modulated. Seven of these proteins were induced while two were repressed in the rpoN mutant compared to the wild-type ( Fig. 1 and Table 4 ). Most of these identified proteins were related to carbohydrate metabolism, and particularly to pyruvate metabolism (Table 4) .
Carbohydrate metabolism-related genes
Many regulated genes or proteins, including those displaying the highest modification in their expression, were involved in carbohydrate metabolism. In this category, we identified five genes as being down-regulated and 10 genes as being up-regulated (Table 1) in the rpoN mutant as compared to the wild-type strain.
The most repressed gene was mptD (ratio 0?06). mptD is part of a large locus (lmo0096 to lmo0104), all genes of which were down-regulated in the rpoN mutant. mptD is organized in an operon with mptC, whose expression was also significantly decreased (ratio 0?26), and mptA. mptA was not selected by the SAM analysis, although its expression ratio was 0?17, due to a too high standard deviation. This operon was previously described to be s 54 -dependent (Dalet et al., 2001) . In addition, the mptACD operon is preceded by a 224/212 consensus promoter. At the protein level, MptA completely disappeared in the rpoN mutant, as shown by 2D electrophoresis (Fig. 1) . MptC and MptD were probably not present in the gel, due to their localization in the cytoplasmic membrane and extraction of integral membrane proteins is known to be poorly achieved with classical procedures. Therefore, a change in expression was not detected by this method.
The lmo0099 and lmo0102 genes, located downstream from mptACD, were also repressed up to threefold. In addition, lmo0100, lmo0101, lmo0103 and lmo0104 all displayed an expression ratio of about 0?5. Another strongly repressed gene was lmo0520 (ratio 0?09, Table 1 ). It encodes a protein similar to transcriptional regulators of the NagC/XylR families as it shows 19 % identity with the xylose repressor, XylR, of B. subtilis (Kreuzer et al., 1989) and 23 % identity with the N-acetylglucosamine repressor of E. coli, NagC, which has been shown to be also an activator (Plumbridge, 2001) . lmo0519, localized just upstream and divergent from lmo0520, was also highly repressed (ratio 0?22). The lmo0519 product is similar to multidrug resistance proteins and sugar transporters. Additional evidence for the important impact of s 54 on carbon metabolism was the observation of the up-regulation of many genes or proteins related to this part of the metabolism (Table 1 and  Table 4 ). lmo0027 was the most induced gene (ratio 16?3, Table 1 ). It encodes a putative b-glucoside PTS permease, EII bgl , as it shows high identity with a b-glucoside permease of related bacterial species. lmo0319 (ratio 4?4) is likely to encode a phospho-b-glucosidase. Interestingly, the transcription of these two genes (lmo0027 and lmo0319) was previously shown to be increased in spontaneous mutants resistant to class IIa bacteriocins as well as in mutants of the above-described mptACD operon (Gravesen et al., 2000 (Gravesen et al., , 2002 . lmo0517 and lmo1871 encode proteins similar to phosphoglycerate mutase and phosphoglucomutase, respectively. The former is involved in glycolysis and the latter catalyses the isomerization reaction between glucose 1-phosphate and glucose 6-phosphate.
The pflA and pflB products are similar to pyruvate formate lyases, which convert pyruvate to formate and acetyl coenzyme A under fermentative conditions, and PflC is similar to pyruvate formate lyase-activating enzymes. The three genes are organized in two putative transcriptional units, the pflA and pflBC operons. glpD, glpF and lmo1538, which were induced in the rpoN mutant, belong to three different operons encoding proteins involved in glycerol metabolism. GlpD is similar (56 % identity) to the glycerol-3-phosphate dehydrogenase of B. subtilis, GlpF shows 58 % identity with glycerol uptake facilitators and Lmo1538 shows 72 % identity with glycerol kinases. Three proteins, identified from 2D gel electrophoresis, are similar to pyruvate dehydrogenase subunits (Table 4) ; one corresponds to the B subunit and the two others correspond to isoforms of the D subunit, probably related to different states of phosphorylation, which could explain the variation in their pI. The PdhABCD complex is involved in the transformation of pyruvate to acetyl-coenzyme A, a key component providing an energy source and a metabolite precursor. Similar to what is found in B. subtilis, the enzymic complex of pyruvate dehydrogenase is organized in a single transcriptional unit of four genes (pdhABCD). The expression level of these four genes was also two-to threefold-induced, as revealed by macroarrays. Therefore, the increase in the amount of the PdhB and PdhD proteins might be partly due to enhanced transcription of the operon. Finally, the L-lactate dehydrogenase, Ldh and the Lmo1579 protein, which is similar to alanine dehydrogenases, were also induced in the rpoN mutant, as shown by 2D electrophoresis (Table 4) . However, differences in 2D gels were stained using the silver stain method. White arrows indicate protein spots differentially expressed between the two strains. their expression were not observed at the RNA level (ratios 1?06 and 1?51, respectively).
Amino acid metabolism-related genes
The second largest group of genes affected by the lack of s 54 expression was related to amino acid metabolism, mainly encoding transporters.
Five repressed genes in the rpoN mutant were similar to oligopeptide or amino acid transporters (lmo0136, lmo0137, lmo0152, lmo0645 and arpJ) ( Table 2 ). lmo0136 and lmo0137 are predicted to belong to the same operon. The corresponding proteins are similar to the B and C membrane subunits of oligopeptide ABC permeases. Lmo0152 is highly similar to OppA, the cytoplasmic subunit A. lmo0645 forms a putative operon with another down-regulated gene, lmo0646. Lmo0646 displays about 33 % identity with proteins of the glyoxalase family and is predicted to be a ring cleavage extradiol dioxygenase. arpJ encodes an amino acid ABC transporter of the arginine family, previously described to be preferentially expressed by L. monocytogenes within mammalian cells (Klarsfeld et al., 1994) .
Several amino acid metabolism-related genes were induced in the rpoN mutant (Table 2) . lmo2569 encodes a protein predicted to be a dipeptide-binding lipoprotein. lmo2114 and lmo2115 likely encode subunits of an amino acid ABC transporter, the ATP-binding subunit and the permease subunit, respectively.
Genes encoding other functions
The remaining genes or proteins, which were differentially expressed in the rpoN mutant, are involved in various pathways and functions (Table 3) .
lmo2829 was highly repressed in the rpoN mutant as shown at both the RNA and the protein level (Table 3 and  Table 4 ). The lmo2829 product is similar (54 %) to the Frm2 protein of Saccharomyces cerevisiae. Frm2 was predicted to be an oxidoreductase related to the nitroreductase family and has been described as being involved in the fatty acid signalling pathway (McHale et al., 1996) .
Among the genes which are induced, an entire locus of 14 genes was found to be highly expressed in the rpoN mutant (ratios 2?6-15?3) ( Table 3) . The first four genes, lmaD, lmaC, lmaB and lmaA, belong to the same putative operon. lmaDCBA encodes antigens unique to pathogenic Listeria and the lack of one of these genes caused virulence attenuation in an animal model (Schaferkordt & Chakraborty, 1997) . The cluster of ten genes (lmo0119 to lmo0129, except lmo0121), localized just downstream of the lmaDCBA operon, was also clearly induced. These genes encode unknown or bacteriophage-related proteins. The dlt operon, comprising a putative transcriptional unit of four genes (dltABCD), was up-regulated in the rpoN mutant as compared to the wild-type. dltA and dltC were more than threefold-induced (Table 3) while dltB and dltD were twofold-induced in the rpoN mutant. These proteins are involved in the incorporation of D-alanine into the teichoic acids of Gram-positive bacteria. A relationship between the expression of the dlt operon and sugars transported by the PTS was previously described in Streptococcus mutans (Spatafora et al., 1999) . The phosphopentomutase (Drm) and the purine nucleoside phosphorylase (Pnp) proteins were induced in the rpoN mutant, as shown by 2D gel electrophoresis ( Fig. 1 and Table 4 ). In addition, macroarray analysis showed that the corresponding genes, which belong to the same operon, were 2?16-and 2?5-fold more expressed in the rpoN mutant, respectively. They are involved in salvage of purine nucleosides from external environments or arising from the intracellular breakdown of nucleotides. The Pnp enzyme catalyses the cleavage of purine nucleosides to the free base plus deoxyribose 1-phosphate. The latter is isomerized to 5-phosphate by the Drm enzyme.
In silico analysis of the s
regulon
To identify putative s 54 -dependent genes, the intergenic regions of the complete genome sequence of L. monocytogenes EGDe were searched for the presence of the consensus 224/212 consensus promoter sequence defined previously (TGGCA<6-6>TTGCW) (Barrios et al., 1999) . We identified six putative promoters with perfect match to this 224/212 consensus sequence (Table 5) . Four of these six putative s 54 -regulated genes belong to the PTS family: lmo0096, lmo1720, lmo2683 and lmo2708. lmo0096 (mptA) has been described as the first gene of the mpt operon which is controlled by the ManR activator (Dalet et al., 2001) . lmo1720 (lpoB) has been described as belonging to the lpo operon and to be controlled by the LacR activator in another strain, L. monocytogenes L028 (Dalet et al., 2003) . The two other putatively s 54 -regulated genes (lmo2172 and lmo0105) encode proteins similar to propionate CoA transferase and chitinase B, respectively.
It is known that the central domain is highly conserved in all s 54 -dependent activators. Thus it was used to search the L. monocytogenes genome sequence in order to identify putative activators. We identified three: Lmo2173 and two that were described previously, ManR (Lmo0785) (Dalet et al., 2001) and LacR (Lmo1721) (Dalet et al., 2003) . Lmo2173 is a 455 aa protein whose central and C-terminal parts (position 150-455) are highly similar to the NifA/NtrC families of s 54 -dependent activators. lmo2172 is located just downstream of the gene encoding the Lmo2173 activator, suggesting that it is actually controlled by this activator. The two other activators, ManR and LacR, are similar to LevR of B. subtilis (31 and 38 % identity, respectively) that control the expression of a PTS permease.
DISCUSSION
Although s 54 is a global regulator that has been studied in depth in various bacteria, until now an analysis of gene or protein expression of an rpoN mutant at the genome level has not been reported. To determine the impact of rpoN on gene and protein expression, we undertook a transcriptome and proteome analysis of the wild-type L. monocytogenes EGDe strain and its rpoN mutant derivative. The number of proteins identified as modulated is smaller than the number of genes shown to have altered expression, though we observed an excellent agreement between the two approaches.
An in silico analysis of the complete genome sequence of L. monocytogenes EGDe (Glaser et al., 2001 ) was undertaken, with the aim to identify putative s 54 promoters and possible s 54 activators. A conserved s 54 promoter was identified upstream of six genes (Table 5 ). Among them, only expression of mptA was shown to be affected in the rpoN mutant, establishing that, under our experimental conditions, only mpt is directly controlled by s
54
. Interestingly, the five remaining genes, showed very low expression in the EGDe strain (data not shown), suggesting that repression of these genes may not have been perceptible in the rpoN mutant. Probably, these five genes were not or were poorly expressed because their cognate activator was not active. Indeed, it is known that s 54 -dependent activators become functional under certain conditions only, e.g. LevR is activated in the presence of fructose in B. subtilis (Martin et al., 1989) . These conditions are unknown so far in L. monocytogenes and might be different for each activator. In our experiment, only the ManR activator might be active, allowing expression of mptACD. Therefore, the rpoN mutation seems to lead mainly to indirect modifications.
The most striking result of the transcriptome and proteome analyses is the important modification in the expression of carbohydrate metabolism genes. The regulation of carbohydrate metabolism is well described in B. subtilis and is likely to be similar in other Gram-positive bacteria such as L. monocytogenes (Behari & Youngman, 1998) . Briefly, it occurs from the control of catabolic operons by transcriptional activators, repressors, antiterminators and carbon catabolite repression (CCR). The latter is a mechanism whereby the expression of many genes is repressed in the presence of a readily metabolizable carbon source such as glucose. CCR is mediated by the CcpA transcriptional regulator and its co-repressor, HPr(ser-P), a phosphorylated intermediate of the HPr PTS component. This protein complex targets specific regulating sequences known as catabolite responsive elements (CREs) (Bruckner & Titgemeyer, 2002; Hueck & Hillen, 1995; Moreno et al., 2001; Titgemeyer & Hillen, 2002) .
In our experiments, the highest induced gene, lmo0027, a b-glucoside PTS enzyme, was previously described to be induced in spontaneous mutants of L. monocytogenes that lack mptACD expression (Dalet et al., 2001; Gravesen et al., 2002) . Thus, the induction of lmo0027 is likely to be a secondary effect of the rpoN mutation and might be mediated via a relief of CCR since a CRE was identified upstream of lmo0027. Three genes involved in glycerol metabolism, glpD, glpF and lmo1538 (a glpK homologue), were up-regulated. Their paralogues in B. subtilis are controlled by both CCR and the GlpP antiterminator (Darbon et al., 2002) . Among the carbohydrate metabolismrelated genes whose expression is induced in the rpoN mutant, putative CRE boxes were found upstream of pflA, pdhABCD, lmo0517 and lmo0027. In addition, we noticed that the transcription of ccpA in L. monocytogenes was induced in the rpoN mutant (ratio 2?3). Interestingly, the ccpA gene has been already described in L. monocytogenes to mediate CCR and a conserved CRE is located upstream of this gene (Behari & Youngman, 1998) , indicating that CcpA might control its own expression. Based on our results and on the mechanisms described in B. subtilis , we propose that the drop in mptACD expression might result in an increase in P-His-HPr, leading to both a phosphorylation of different enzymes, such as GlpK or PTS components, and a decrease in P-Ser-HPr formation responsible for relief of CCR. The regulation of the expression of other PTS systems by a mannose PTS has also previously been described as part of CCR in Streptococcus salivarius and Lactobacillus pentosus (Bourassa & Vadeboncoeur, 1992; Chaillou et al., 2001) .
Remarkably, many enzymes that use pyruvate as a substrate, i.e. pyruvate dehydrogenase, alanine dehydrogenase, lactate dehydrogenase and pyruvate formate lyase, were induced at either the RNA and/or the protein level. In the first step of the PTS phosphorylation cascade, phosphoenolpyruvate is transformed into pyruvate. Thus, we suggest that lack of s 54 directly modifies the PTS pathway, which in turn affects the pyruvate to PEP ratio. Conversely, it has been shown that this ratio is a major determinant of the phosphorylation state of PTS proteins in E. coli (Hogema et al., 1998) . This modification may finally influence the expression of pyruvate metabolism-related enzymes. For example, pyruvate is a putative coeffector for the expression of the pdh operon in E. coli (Quail et al., 1994) . In addition, 2D electrophoresis identified two isoforms of the PdhD subunit of pyruvate dehydrogenase with a slight difference in their pI. This might be due to a different level of phosphorylation of the protein, suggesting that the activity of this enzyme may be modulated post-translationally. It is conceivable that PTS components are involved in the modulation of phosphorylation.
As L. monocytogenes is a pathogen, we wanted to know if the rpoN mutation also had an impact on virulence. Therefore, the virulence of the rpoN mutant was assessed in a mouse model. However, we did not observe any significant differences in the LD 50 , after intravenous injection, between the wild-type EGDe strain and the rpoN mutant (data not shown).
In conclusion, this first global analysis of the effect of a disruption of the rpoN gene will be a valuable basis for a better understanding of the physiological role of s 54 , which has to be tested in different conditions. It will now pave the way for advanced biochemical and physiological experiments to gain comprehensive knowledge of its regulatory functions.
